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1. Development of the first database of microbial volatile organic 
compounds and analysis of the skin bacterial volatiles and their effect 
in bacteria-bacteria interactions 
 
Microorganisms are ubiquitous in our biosphere and therefore influence considerably the 
development and the evolution of life on earth. Likewise, they also participate to maintain 
homeostasis in nature. To achieve this, microorganisms are for example able to interact with 
their environment by producing compounds with antibiotic, antifungal, antinematicidal, plant 
growth modulating or semiochemical properties. Among these compounds are macro-
molecules like enzymes, peptides, some antibiotics or toxins (Bastos et al., 2009; Götz et al., 
2014; Fetzner, 2015). In contrast to macromolecules, there are also small molecules with low 
molecular weight released, which are often volatile due to their high vapour pressure and low 
boiling point. Consequently, they cannot only act at the site of their production but also at 
long distances (Schulz and Dickschat, 2007).  In the recent years, these microbial volatile 
compounds have regained attention, focussing on the following main questions: Which 
volatile bouquets are emitted by microorganisms? Which impact on fitness (health), 
development and growth do they have on the receiving organism? Are these volatiles useful 
for any applications? Therefore, the study presented here was conducted to address these 
questions. 
 
1.1. Establishing of the microbial volatile database (“mVOC”) 
 
Over the past decade, an increasing number of studies have been conducted by different 
research groups to determine the structures, chemical natures, biological and ecological roles 
of volatiles produced by microorganisms (reviewed in Schulz and Dickschat, 2007; Effmert et 
al., 2012). A considerable number of compounds were shown to be produced by bacteria and 
fungi among which some were completely new to the nature (von Reuß et al., 2010; Weise et 
al., 2012). Nevertheless, the information on volatile emission from microorganisms were 
scattered in the literature.  Considering the great and increasing interest of researchers 
regarding mVOCs, it became apparent that a comprehensive compilation of existing data on 
volatile emission from bacteria and fungi, which would promote and facilitate crosstalk  
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between scientists, was presently missing. To address this need, a mVOC database was 
developed for public use (Lemfack et al., 2014). It is a user-friendly compilation of microbial 
volatiles extracted from the literature and available online at http://bioinformatics.charite.de/ 
mvoc/. The data were acquired by an extensive literature search in Pubmed (http://www. 
ncbi.nlm.nih.gov/pubmed).  All the sources used are described in the database and linked to 
the original paper (figure 1).  Up-to-date, more than 1200 compounds are filed and assigned to 
490 bacterial and 135 fungal species. Furthermore, “mVOC” is the first online database 
containing information about mVOCs and their emitting organisms. The user interface offers 
several search options, for instance, by species name, Pubchem ID, structure, molecular 
weight and logP value (figure 1). Signature tables can also be generated by clicking on 
“signature”; it shows all microorganisms emitting the same compounds as the chosen species, 
and compounds emitted by just one species are highlighted in green. When available, the 
biological and ecological roles of the compounds were also described. In addition, the website 
features of the KEGG pathway maps (http://www.kegg.jp/) can easily be accessed though the 
Web service. Compounds of “mVOC” are mapped onto the metabolic pathways providing an 
opportunity for further analysis and interpretation. “mVOC” is also linked to NIST Chemistry 
WebBoock (http://webbook.nist.gov/chemistry/) to obtain retention indices, IR spectrum or 
mass spectrum data of compounds. Online upload (only by the authors) is possible, allowing a 
timely incorporation of new data sets.  
mVOC database is an indispensable platform in this fast-growing research field. It will 
facilitate the study of microbial volatiles and help to better understand the biological and 
ecological roles and might be useful for applications of mVOCs. 
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Figure 1: Overview of mVOC database. 
The mVOC database offers different search options. mVOC search: a general search format for mVOCs based 
on PubChem ID, name of chemical compound, several molecular properties as well as the mVOC producer 
species. The resulting table is directly retrieved. Structure search: provides a tool for interactively drawing of a 
structure and performs a structure or substructure search. The result table shows volatile compounds similar to 
the search entry (similarity search) or volatile compounds including a substructure that is similar to the search 
entry (substructure search). By clicking on ‘Information’, one will be directed to the result table of the microbial 
VOC. Signatures: the signature table shows all species emitting the same compounds as the chosen species. 
Compounds emitted by just one species are highlighted in green. KEGG pathways: exemplarily showing parts of 
the 2-oxocarboxylic acid metabolism pathway. 
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1.2. Meta-analysis approach for assessing the diversity and specificity of mVOCs 
 
mVOC database is an essential tool to apply meta-analysis approaches to study microbial 
volatile compounds. The database was used to extract the habitats of which volatile emitting 
microorganisms have been isolated so far. The microorganisms were mainly isolated from 
animals, humans, clinical sources, food products, fresh water, marine environment, plants, 
plant waste, rhizosphere and soil. The most listed species were isolated from plants (70), the 
aquatic environment (66) and the soil (61) (Piechulla and Lemfack, 2016). Meta-analysis 
approach revealed that habitat specificity has little or almost no influence on VOC spectra of 
microorganisms (Schenkel et al., 2015; Piechulla and Lemfack, 2016), confirming the results 
of Fiddaman and Rossall (1993) which suggested that it is not the location of isolation, but 
rather the nutritional supply and metabolic capabilities that are relevant for the microbial 
volatile profiles. Nevertheless, when correlating current literature and knowledge on plant 
root volatiles with belowground microbial volatile data extracted from mVOC database, 
Schenkel et al. (2015) showed that microorganisms belonging to the rhizosphere prefe-
rentially produce volatile signals, which are also emitted by plant roots. These volatile signals 
might then specifically modulate the growth and fitness of neighbouring plants. However, 
among the considerable number of compounds produced by bacteria and fungi described in 
“mVOC” database, the biological and/or ecological roles of ca. 7 % of each single volatile 
have been described. More often only the effects of the microbial volatile bouquets were 
described. It has been repeatedly shown that different microbial volatile blends influence 
growth, differentiation, stress response, inter/intra-species and inter-kingdom communications 
of diverse organisms (reviewed in Audrain et al., 2015; Hung et al., 2015; Schmidt et al., 
2015). Data mining showed that bacteria might be capable of synthesizing structurally more 
diverse volatiles than fungi. Alcohols, ketones and carboxylic acids are the most frequently 
emitted chemical classes. 2-Phenylethanol, 3-methylbutan-1-ol, dimethyl disulfide and 
dimethyl trisulfide (in ascending order) were significantly more often released by bacteria 
while 1-octen-3-ol was the most frequently emitted fugal volatile (Schenkel et al., 2015; 
Piechulla and Lemfack, 2016). 2-Phenylethanol has a characteristic rose-like odor and it is 
well described as antimicrobial agent (Fraud et al., 2003; Zhu et al., 2011; Liu et al., 2014).  
This volatile has also repellent effects; it reduced significantly oviposition in flies (Lam et al., 
2010) and attractiveness to mosquitoes (Verhulst et al., 2011; Verhulst et al., 2013).  
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In contrary, 3-methylbutan-1-ol is described as a good fly and mosquito attractant (Epsky et 
al., 1998; Verhulst et al., 2011). Moreover, Splivallo et al. (2007) showed that this mVOC has 
also plant growth inhibitory properties. Dimethyl disulfide and dimethyl trisulfide are 
prominently emitted sulfur-contain volatiles. Mainly produced by soil bacteria and to the 
lesser extent by fungi, these compounds, especially dimethyl disulfide, inhibit biofilm 
formation as well as the growth of several bacteria and fungi (Fernando et al., 2005; 
Dandurishvili et al., 2010; Plyuta et al., 2016). They were also described as antinematicidal 
and were able to influence plant growth (Gu et al., 2007; Kai et al., 2010; Meldau et al., 
2013). 1-Octen-3-ol has a characteristic fungal smell (Pyysalo, 1976) and acts as antifungal or 
plant growth inhibitor (Chitarra et al., 2004; Splivallo et al., 2007; Berendsen et al.,  2013).  
All together, these few examples of mVOCs and their functions clearly indicated that mVOCs 
mainly affect insect behaviours as well as plant or microbial growth. They are then able to 
heavily influence interactions between different organisms within and across diverse 
ecological niches. It is also clear that one volatile can be produced by numerous organisms to 
a different end while some mVOCs can be produced for the same functions. However, their 
various ecological roles highlighted here and the fact that their emission can be specific or not 
suggests the existence of complex volatile-base interaction networks. Therefore, under-
standing the functions and specificities of mVOCs also needs to consider the context in which 
they are produced, e.g. the complete network of interacting organisms, concentrations, 
activity ratios and the persistence of the volatile signals. The bioactivity of the total blend 
should also be taken in consideration. 
 
1.3. mVOCs applications 
 
Although the number of mVOCs of which the functions are known is significantly less than 
the number so far described, their diverse functions and properties can be exploited in 
biotechnological applications in several areas as summarised in figure 2 (Piechulla and 
Lemfack, 2016). Numerous mVOCs have distinctive pleasing aroma, therefore they can be 
used in food products to improve the flavour of many modern fruits and vegetables. 
Likewise, the microbial-based volatile aromas of foodstuff such as wine, dairy products, and 
mushroom are continuously analysed to monitor and improve their quality (Karlshøj et al., 
2007). In addition, the perfume industry has an increasing demand for new scents and 
although traditionally plants were the sources for aromas and fragrances, many other sources  
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including microorganisms are now coveted (Gupta et al., 2015). In contrast to well-smelling 
aromas, microbes can also release “off” flavour like geosmin, which is for example 
responsible for the muddy odor in several commercially important freshwater fish such as 
carp and catfish (Vallod et al., 2007). Since the repugnant smell of rotting organic matter 
results from the production of volatile compounds by bacteria and fungi, mVOCs are good 
markers for spoiled food products and crops (Casalinuovo et al., 2006). They can also be used 
as indicators of damp buildings and other hardware. Their detection provides a non-
destructive way to find molds inside of buildings (Matysik et al., 2008) and in the last decade, 
the term “sick building syndrome” was coined to refer to a set of symptoms that are 
experienced by residents of poor air quality albeit the results on indoor mVOCs effects on 
health are controversial (Korpie et al., 2009; Polizzi et al., 2012; Bennet and Inamdar, 2015). 
In agriculture, mVOCs have high potential in influencing plant health and overcoming 
microbial pest. They are considered as the future eco-friendly alternatives to chemical 
pesticides and fertilizers for sustainable agriculture (Kanchiswamy et al., 2015). Besides 
considering the biological and ecological roles of mVOCs being important for the 
homeostasis (fitness and health) of humans, animals and plants, these compounds can also be 
used as non-invasive markers. Individual mVOCs as well as clusters of volatiles are useful for 
phenotyping fungi and bacteria and it has been shown that even phylogenetically closely 
related species of microorganisms can be differentiated (Müller et al., 2013; Peñuelas et al., 
2014; Cordovez et al., 2015; Kuppusami et al., 2015). Likewise, using mVOCs as non-
invasive diagnostic tools for microbial associated diseases is an emerging field in different 
medical research areas and will play a significant role in earlier detection and treatment of 
microbial infections (Thorn and Greenman, 2012; Sohrabi et al., 2014). Last but not the least, 
as the limitation of fossil fuels are foreseen and contrast steadily increasing fuel requirements, 
mVOCs are also regarded as the next generation biofuel (Rude and Schirmer, 2009; Gupta 
and Phulara, 2015). And since the natural microbial production rates are too low to support 
industrial production, metabolic engineering is widely used to improve the production 
(Ruffing, 2013).  
Overall, the studies of microbial volatiles represent an essential route in bioprospecting, with 
the promise of discovering novel structures of natural products that are useful for novel 
applications. 
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Figure 2: Overview of mVOC applications. 
 
1.4. Analysis of the skin bacterial volatiles and their role in bacteria-bacteria inter-
actions 
 
By data mining, Piechulla and Lemfack (2016) showed that the most described habitats of 
mVOC producers are the soils/plants and aquatic environments. It is well known that there are 
40 million bacterial cells in a gram of soil and a million bacterial cells in a milliliter (gram) of 
fresh water (Whitman et al., 1998). Furthermore, the ability of the microorganisms to produce 
volatiles as well as the roles of the mVOCs in mediating interactions among different 
organisms have been extensively study in these ecological niches. In contrast, other habitats 
like the human body and its diverse microbiota have been overlooked regarding volatile 
emissions and their potential functions, despite the fact that there are about 10
14
 bacterial cells 
residing in the colon (Savage, 1977) or ca. 10
12
 bacterial cells on the skin (Berg, 1996). 
Recent studies however proofed that microbial communities in and on the body have impact 
on health and disease of humans (Thorn and Greenman, 2012; Briard et al., 2016). 
Considering the huge number and diversity of microbes in and on the body, influential effects  
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of VOCs produced by microorganisms of the different microbiota (gut, oral, skin, etc.) could 
present a major asset in the process of discovery of new compounds for human use. 
 
1.4.1. Skin microbiota 
 
The skin is the body’s largest organ, which serves as a physical as well as dynamic barrier 
between the internal and external environment. It protects the organism from harmful agents, 
excessive loss of water and microbial assault (Madison, 2003; Segre, 2006; Proksch et al., 
2008). Since the skin is in permanent contact with the external environment, it is heavily 
colonized by diverse species of microorganisms, collectively known as the skin microbiota, 
which plays a key role in health and disease (Sanford and Gallo, 2013). The skin microbiota is 
made up of complex and dynamic communities of microbes including fungi, viruses and 
mites, but bacteria are generally dominant (Grice et al., 2009). Based on the analysis of 16S 
rRNA, it has been shown that around 1000 species of bacteria can be found on the human skin 
and they belong to 19 phyla, of which Actinobacteria, Firmicutes and Bacteriodes (mainly 
Staphylococcaceae and Corynebacteriaceae) predominate (Grice et al., 2009; Grice et al., 
2011). Although it was recently shown that the host genome has an impact on the diversity of 
the skin microbiota, little is known about how its composition is controlled (Srinivas et al., 
2013). Nevertheless, most skin-resident bacteria are non-pathogenic commensals and it has 
become apparent that some species are beneficial for their host; e.g. they are able to interact 
with immune cells to “educate” the skin immune system (Naik et al., 2012; Belkaid et al., 
2014; Salava and Lauerma 2014). During competition for nutrients or site occupation, the 
skin-resident bacteria might synthesize toxic compounds to outcompete and eliminate 
pathogens (Schnell et al., 1988; Kellner et al., 1988; Götz et al., 2014). It is thus likely that the 
skin represents a habitat which is characterized by strong interactions between its normal 
microbial residents and/or with other environmental microorganisms. However, little is 
known about how these communities maintain their stabilities on the skin and their roles in 
health and disease. It was tempting to speculate that mVOCs might play important roles in 
microbial interactions and defences. 
 
1.4.2. VOC analysis of the skin bacteria 
 
Recently, the chemical composition of the skin odor has been analysed regarding its 
application in different fields like forensic studies, cosmetics or chemical ecology of host/ 
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vector/pathogen interactions (reviewed in Dormont et al., 2013). It has been shown that the 
volatile profile of the skin varies greatly (the use of different sampling procedures being one 
of the variation factors) and the main class of compound were carboxylic acids (and 
derivative esters), aldehydes, alkanes, short chain alcohols and ketones (Dormont et al., 
2013). To our knowledge, there were no data in the literature showing a comprehensive 
analysis of the VOC profiles of typical skin-resident microbes, despite the fact that the 
secretions produced by the skin glands are usually odourless and are subsequently 
transformed by bacterial metabolism into odoriferous and volatile compounds (Shelley et al., 
1953; James et al., 2004; Wood and Kelly 2010; James et al., 2013; Troccaz et al., 2015). For 
instance, species of Corynebacteria degrade various precursor compounds found in the sweat 
into short branched-chain fatty acids, such as (E)-3-methyl-2-hexenoic acid, which is the 
primary contributor to the typical axillary odor and a key scented volatile (Zeng et al. 1991; 
Natsch et al., 2003). In addition, Staphylococcus epidermidis degrades leucine present in the 
sweat to produce 3-methylbutanoic acid, which is the major component of foot odor (Ara et 
al., 2006). Therefore, in order to gain a better understanding of the role of the skin bacterial 
VOCs in bacteria-bacteria interactions, the VOC profiles of different bacterial species, which 
are naturally found on the skin, were analysed. A comprehensive analysis of the VOC profiles 
of corynebacterial and staphylococcal species, the most dominant microbes on the skin, was 
performed. The results revealed that the VOC profiles of these bacteria differ significantly 
(Lemfack et al., 2016). This difference could be explained by their individual metabolisms 
although they were analysed under the same conditions. Kwaszewska et al. (2014)  have 
demonstrated that corynebacterial and staphylococcal communities co-habiting on human skin 
do not employ the same sets of enzymatic activities to metabolise substrates like carbo-
hydrates, lipids, proteins and that Corynebacterium spp. express less proteinase, phosphor-
lipase and saccharolytic activity. These observations could also explain why the number of 
VOCs emitted by the Staphyloccocus strains studied here was fivefold higher than that of the 
corynebacterial strains, which allowed a clear discrimination of the members of the two 
genera by multivariate analysis solely based on their VOC spectra (Lemfack et al., 2016). 
This study highlighted that although there are common volatiles (10- and 11-methyl-2-trideca-
none or 2-pentadecanone) produced by different and unrelated bacteria (see also table A1 
appendix), other volatiles are strain and/or species specific. Fatty acids such as 3-methyl-
butanoic and 2-methylbutanoic acid were produced by all Staphylococcus strains examined,  
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which confirmed the finding of Ara et al. (2006) and highlighted the major role of 
Staphylococci in foot odor formation. Contrary to the acids, 2-phenylethanol was most 
specific to Corynebacteria and has prompted speculation that it may be emitted by the bacteria 
during interspecies competition (for nutrients and/or site occupation on the skin) to eliminate 
other specie and/or to inhibit growth of pathogens on the skin. More interestingly, the VOC 
profiles of the skin bacteria, particularly those of Staphylococcus schleiferi isolates, were 
largely composed of ketones. Among these latter, there were several amino/imino ketones 
which were unique to the S. schleiferi strains and neither of these compounds has previously 
been reported from natural sources. The VOC profile of S. schleiferi DSMZ 4807 was of 
particular interest, as it was dominated by two compounds, 3-(phenylamino)butan-2-one and 
(E)-3-(phenylimino)butan-2-one, which were named schleiferons A and B, respectively 
(figure 3). Schleiferons A and B were not detectable in the bacterial culture after 24 h but 
were mainly produced in the stationary phase (figure 4). At 48 h, schleiferons A and B 
represented 34 % and 2.4 % respectively, of the total VOC spectrum, increasing to 70 % and 
10 % by 72 h, and 73 % and 14 % at 96 h, respectively. Considering these remarkable VOC 
compounds, the effects of S. schleiferi DSMZ 4807 volatiles on other bacteria were further 
analysed. 
 
 
 
Figure 3: Structures of schleiferons A and B from Staphylococcus schleiferi DSMZ 4807. 
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Figure 4: VOC spectrum of Staphylococcus schleiferi DSMZ 4807.  
VOCs were quantified and the relative contributions (%) of schleiferons A and B of the VOC spectrum of S. 
schleiferi cultures were determined at intervals of 24 h over the course of 1 week (100 % (0-24 h) = 16.6 ng; 100 
% (24-48 h) = 34.2 ng; 100 % (48-72 h) = 104.5 ng; 100 % (72-96 h) = 130.3 ng; 100 % (96-120 h) = 136.8 ng; 
100 % (120-144 h) = 109.3 ng; 100 % (144-168 h) = 108.1 ng). 
 
1.4.3. Effect of Staphylococcus schleiferi DSMZ 4807 volatiles on other bacteria 
 
Microbe-microbe interactions are known to be mediated via secondary metabolites (Schmidt 
et al., 2015). To gain insight into the biological role(s) of S. schleiferi DSMZ 4807 volatiles, 
particularly schleiferons A and B, dual cultures of this bacterium with bacteria which are 
naturally found on the skin or with other bacteria from different ecological niches were 
performed. The results revealed that S. schleiferi volatiles selectively inhibited the growth of 
Gram-positive bacteria. The growth inhibition was only significant when the bacteria were co-
cultivated with S. schleiferi cells that were in the late stationary phase, the period in which the 
concentrations of schleiferons A and B reached their maxima. This suggested that these 
compounds might contribute to the reduced growth of Gram-positive species. This notion was 
further supported by the finding that Staphylococcus warneri, which does not synthesize 
either schleiferon, did not affect any of the bacteria tested. Moreover, when chemically 
synthesised schleiferons A and B were tested separately, they both specifically inhibited the  
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growth of Gram-positive bacteria in a concentration-dependent manner, with schleiferon A 
being significantly more active than B (Lemfack et al., 2016).  
During competition for nutrients or territory, it is known that skin bacteria release different 
antimicrobial compounds to prevent adherence of pathogens and/or competitors (Bibel et al., 
1983; Cogen et al., 2010). Since schleiferons were significantly more active (3- to 16-fold) 
against Corynebacterium strains and Micrococcus luteus (skin bacteria) and less deleterious to 
Bacillus subtilis (rhizobacterium) and Enterococcus strains (gut bacteria), we speculate that 
these compounds are primarily directed against other Gram-positive skin bacteria. Moreover, 
they were also active against other skin Staphylococcus strains, albeit these latter were 
considerably less affected than Corynebacteria or Micrococcus luteus (table 1). Therefore, the 
production of schleiferons can be an advantage for Staphylococci during bacterial interactions 
and might help them to keep their balance on the skin. Further, among these skin bacteria, the 
prominent schleiferon producer S. schleiferi DSMZ 4807 was 2- to 8-fold more resistant to 
these VOCs and its growth was noticeably affected at very high concentrations, which might 
only be reached in the late stationary phase. Altogether, these results highlighted the role that 
schleiferons may have in skin bacterial interactions, suggesting that mVOCs might contribute 
to maintain species diversity and to shape the evolution of community composition or 
structure in the skin microbiome. However, the mode of action by which these compounds 
inhibit the growth of the Gram-positive bacteria is not yet known and remains to be 
investigated in the future. 
In contrast to Gram-positive, growth of Gram-negative bacteria were unaffected by either S. 
schleiferi volatiles or schleiferons (e.g. Salmonella enterica RV4 (table 1). Surprisingly, we 
observed a rather drastic reduction of the red pigment prodigiosin produced e.g. by the Gram-
negative bacterium Serratia marcescens V11649 (figure 5).  
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Table 1: Minimum inhibitory concentrations (MIC) of schleiferons A and B on different Gram-positive 
bacteria. 
 
 
Bacteria 
MIC (µM) of  
Schleiferon 
Families Species A B 
Corynebacteriaceae Corynebacterium jeikeium V12209 
34.8 281 
Corynebacteriaceae Corynebacterium striatum RV2 
34.8 281 
Corynebacteriaceae Corynebacterium minutissimum ATCC 23348 
69.6 563 
Staphylococcaceae Staphylococcus schleiferi DSMZ 4807 
278 1130 
Staphylococcaceae Staphylococcus schleiferi H34 
278 2250 
Staphylococcaceae Staphylococcus schleiferi V431 
139 2250 
Staphylococcaceae Staphylococcus intermedius 9S 
139 563 
Staphylococcaceae Staphylococcus saccharolyticus B5709 
139 1130 
Staphylococcaceae Staphylococcus sciuri V405 
139 1130 
Staphylococcaceae Staphylococcus warneri CCM 2730 
96.7 1130 
Staphylococcaceae Staphylococcus epidermidis RP62A 
69.6 281 
Staphylococcaceae Staphylococcus haemolyticus CCM 2729 
69.6 563 
Micrococcaceae Micrococcus luteus V515 
34.7 141 
Enterococcaceae Enterococcus faecium ATCC 51559 
278 2250 
Enterococcaceae Enterococcus faecalis ATCC 51299 
557 3380 
Bacillaceae Bacillus subtilis B2g 
278 1130 
Enterobacteriaceae Salmonella enterica RV4 
4450 > 10000 
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Figure 5: Effects of Staphylococcus schleiferi and S. warneri volatiles on prodigiosin production by Serratia 
marcescens. 
The concentration of the pigment was determined by measuring its absorption at OD534 and expressed in 
percentage of the level produced in the BHI control culture. ** p < 0.01. 
 
The name of this red pigment derives from Kraft (1902), who extracted it from Bacillus 
prodigiosus. It is a typical secondary metabolite and characteristic feature of some Serratia 
strains with antibacterial, antifungal or immunosuppressive properties (reviewed in Darshan 
and Manonmani, 2015). The biosynthesis of prodigiosin is controlled by a complex regulatory 
network involving quorum sensing system (Williamson et al., 2006). Our hypothesis was 
therefore that S. schleiferi volatiles or schleiferons inhibit quorum sensing controlled features 
in Gram-negative bacteria. To verify this idea, other strains were tested, Serratia plymuthica 
AS9 which produced prodigiosin and Vibrio harveyi, which produced bioluminescence and 
both were used as model organism to study quorum sensing in Gram-negative bacteria.  
 
1.4.4. Effect of Staphylococcus schleiferi DSMZ 4807 volatiles on quorum-sensing-
dependent phenotypes of Gram-negative bacteria 
 
Bacterial interactions are facilitated by cell-to-cell chemical communication named quorum 
sensing (QS). This process is based on the production and recognition of small hormone-like 
signal molecules (auto-inducers), which bind to specific receptors to coordinate gene 
expression and regulate important bacterial phenotypes like virulence factor production, 
swarming motility, biofilm formation, antibiotic secretion and bioluminescence (Davies et al.,  
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1998; Bassler et al., 2006; Higgins et al., 2007). We found that S. schleiferi DSMZ 4807 
volatiles inhibit quorum sensing-dependant phenotypes in all Gram-negative bacteria tested 
here. This inhibition was more accentuated when bacterial cultures were fumigated with S. 
schleiferi volatiles in the late stationary phase (where the production of schleiferons was 
maximal) (figure 6) suggesting that schleiferons might contribute to the inhibition of these 
phenotypes. This notion was further supported by the finding that Staphylococcus warneri, 
which does not synthesize either schleiferon, did not affected any phenotype of the bacteria 
tested. Moreover, when chemically synthesised, schleiferons A and B were tested separately 
and they both specifically inhibited the bacterial phenotypes in a concentration-dependent 
manner (Lemfack et al., 2016). These results were in good agreement with the literature 
showing that the communication system in bacteria can be disrupted by quorum sensing 
inhibitors known as quorum quenchers (QQ) (Defoirdt et al., 2008; Chu et al., 2013; Zhao et 
al., 2016). QQ molecules (enzymes and chemicals) were reviewed by Grandclément et al. 
(2016) and the authors have described also some QQ paradigms to exemplify the mechanisms 
and biological roles of QS inhibition in microbe-microbe and host-microbe interactions. QS 
inhibitors have diverse targets and different mode of actions; theoretically, any step of the QS 
pathway (synthesis, diffusion, accumulation and perception of the QS signals as well as 
transduction of the signal) might be affected (Defoirdt et al., 2007; Chu et al., 2013; Fetzner, 
2015).  
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Figure 6: Volatiles of Staphylococcus schleiferi inhibit prodigiosin production in Serratia marcescens and 
bioluminescence in Vibrio harveyi.  
S. marcescens was cultivated in a dual culture system for 24 h with a 48-h (A) or a 96-h (B) culture  of S. schleiferi or 
S. warneri (BHI: brain heart infusion medium). Cell density (OD600 of 100 % = 4) and relative levels of prodigiosin in 
the culture medium (%) (OD534 of 100 % = 1.4) of S. marcescens was measured after 24 h dual cultivation of S. 
marcescens with a 48 h (C) or 96 h (D) culture of S. schleiferi/S. warneri. E) presents the light image of the 
bioluminescence of V. harveyi cultivated in a dual culture system for 24 h with a 96 h old culture of S. schleiferi/S. 
warneri and F) shows the relative growth (% cell density) (OD600 of 100 % = 5) and bioluminescence emission (%) 
(100% = 7.9E+05) of the V. harveyi. The culture medium was used as control. Data are the means of 3-5 independent 
experiments and bars indicate mean standard deviation. ** p < 0.01, *** p < 0.001. 
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1.4.5. Action mode of schleiferons in Gram-negative bacteria 
 
In the marine bacterium Vibrio harveyi, induction of bioluminescence depends on a complex 
QS signalling cascade. At low cell density, in the absence of autoinducers, the three hybrid 
histidine kinases LuxN, LuxQ (in interplay with LuxP) and CqsS autophosphorylate, and 
transfer the phosphoryl group via a phosphorelay to the histidine phosphotransferase protein 
(HPr) LuxU, and subsequently to the response regulator LuxO. Phosphorylated LuxO 
activates transcription of five regulatory sRNAs which, together with the RNA chaperone 
Hfq, destabilize the transcript coding for the master regulator LuxR (Waters et al., 2005) 
(figure 7). When the concentration of LuxR in cells is low, induction of bioluminescence is 
impossible. At high cell density, in the presence of high concentrations of autoinducers, 
autophosphorylation is inhibited, LuxR is synthesised, and the bioluminescence phenotype is 
expressed (figure 7). We were therefore wondering whether schleiferons act as auto-inducer 
antagonists by interfering with auto-inducer receptors to influence bioluminescence 
production through a stimulation of the autophosphorylation cascade. As result, we found no 
increase in phosphorylation of the quorum sensing receptors after schleiferon A or B addition, 
suggesting a target(s) downstream of the hybrid histidine kinases. These results were 
corroborated by the schleiferon-mediated inhibition of bioluminescence in a luxO deletion 
mutant, which constitutively produces bioluminescence independently of auto-inducers and 
the QS receptors (Lemfack et al., 2016). It was therefore conceivable that schleiferons act 
downstream of the QS cascade and these other protein targets have to be investigated in the 
future. 
 
 
 
 
 
 
 
 
 
 
 
- 22 - 
 
Summary 
 
 
Figure 7: Schematic representation of the QS phosphorelay in V. harveyi (modified from Chu et al. 2013). 
In the absence of autoinducers (HAI-1, AI-2 and CAI-1) at low cell density, each of the three receptors, LuxN, 
LuxQ and CqsS, respectively, are autophosphorylated at a conserved histidine by their histidine kinase domain 
(HK). The phosphoryl group is first transferred to the receiver domain (Rec) of the receptor kinase and then to 
the HPt protein LuxU. LuxP is a periplasmic binding protein. P denotes phosphorylation sites. Upon perception 
of the autoinducers at high cell density, autophosphorylation of the receptors and the subsequent phosphorylation 
cascade is inhibited.  
 
Similarly to the bioluminescence emission of Vibrio harveyi, the biosynthesis of prodigiosin 
in Serratia strains is controlled by complex cascades involving quorum sensing (Williamson 
et al., 2006). The biosynthesis and the regulation of this red pigment has been well 
characterised in Serratia sp. ATCC 39006 (Fineran et al., 2005; Williamson et al., 2005 and 
2006; Gristwood et al., 2011) and homologous genes are also found in S. plymuthica AS9 
(KEGG SSDB database). The pig cluster contains 15 (pigA-O) genes which are co-transcribed 
from a promoter upstream of pigA. It encodes the enzymes that catalyse the synthesis of 
prodigiosin, involving two different pathways for the production of the monopyrrole, 2-
methyl-3-n-amyl-pyrrole and the bipyrrole, 4-methoxy-2,2’-bypyrrole-5-carbaldehyde which 
are then coupled in the final condensation step to form prodigiosin (Slater et al., 2003; 
Williamson et al., 2005). The pig cluster of S. plymuthica AS9 was shown to be transcribed 
both in the presence and absence of schleiferons. However, Northern blot analysis revealed 
that the transcriptional levels of these genes were very low in S. plymuthica AS9 treated with 
schleiferon B, which ultimately leads to the reduction of prodigiosin synthesis and 
accumulation observed in the bacterial culture (Lemfack et al., 2016). Further, a complex 
hierarchical network of regulatory proteins controls the expression of the pig cluster.  
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Fineran et al. (2005) have previously identified the PigP protein as a master transcriptional 
regulator of secondary metabolism in some Enterobacteriaceae. They found that this protein 
could control prodigiosin production in S. sp. ATCC 39006 either by directly regulating the 
expression of the pig biosynthesis cluster or indirectly via transcriptional control of genes for 
six other regulators ((pigQ, pigR, rap which overlap the quorum-sensing circuit), pigV, pigS 
or pigX). When schleiferon was added to S. plymuthica AS9 culture, the transcriptional level 
of pigP was significantly increased in comparison to the control, suggesting a control via this 
pig regulator. Moreover, when we analysed the transcription levels of pigS, we also found a 
significant increase of its transcription level. And pigS encodes for an ArsR family regulator 
which is able to repress the expression of other proteins (BlhA; OrfY; PmpA, B and C) 
involved in prodigiosin biosynthesis (Gristwood et al., 2011). In summary, the transcription 
level of pigS correlated with the activation of the expression of the master regulator PigP, and 
both up-regulations might favor a reduction of prodigiosin synthesis in S. plymuthica AS9 
(Lemfack et al., 2016). In contrast to PigP, SmaR in S. sp. ATCC 39006 (LuxR homolog in S. 
plymuthica AS9) is a quorum-sensing master transcriptional repressor (Slater et al., 2003; 
Fineran et al., 2005). LuxR represses expression of the pig biosynthesis gene cluster directly 
or indirectly via the repression of other transcriptional regulators like PigR, PigQ or Rap 
(Fineran et al., 2005). When we analysed the transcription levels of luxR in S. plymuthica AS9 
after application of schleiferon, we surprisingly found that they were almost unaffected. 
Nevertheless, the transcriptional regulators which are under the control of both quorum-
dependent and –independent mechanisms (pigQ, pigR, rap) have to be investigated to 
completely elucidate the mode of action of schleiferon on prodigiosin production in S. 
plymuthica AS9. 
Considering the increasing problem of antibiotic resistance, the use of QQ compounds and 
enzymes represent a promising alternative as novel anti-infective therapy tool, which can be 
used in different fields such as in the medical and agricultural area. Elucidation of the mode of 
action of schleiferons will help to determine whether they are relevant candidates for anti-
infective and anti-virulence therapy studies.  
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1.5. Biosynthesis of schleiferons A and B 
 
Since schleiferons A and B have never been reported to by produce by any organism, the 
investigation of their biosynthetic pathway was initiated here (Ravella, Lemfack, Piechulla, 
Schulz, in preparation). A pathway was proposed by Stefan Schulz (University of Braun-
schweig) (figure 8) including an unusual Voigt-Ammadori rearrangement and spontaneous 
oxydation of schleiferon A to B.  
 
 
Figure 8: Proposed biosynthetic pathway of schleiferon A and B of Staphylococcus schleiferi DSMZ 4807. 
 
In vitro biosynthesis was tested using the proposed substrates (acetoin and 2-
phenylethylamine) and the crude extract of the bacterial culture. The results indicated that 
acetoin and 2-phenylethylamine are able to react and form schleiferons (figure 9). Moreover, 
both substrates are also found in the volatile profile of schleiferon producers (Lemfack et al., 
2016). Acetoin is an essential metabolite produced by many bacteria and serves as precursor 
in the biosynthesis of branched-chain amino acids. Mainly formed by decarboxylation of 
alpha-acetolactate, it can also be secreted as by-product from pyruvate oxidation or 
decarboxylation reactions (reviewed in Xiao et al., 2007). Instances of bacterial production of  
2-phenylethylamine are rarely found in the literature and the capacity to synthesise this 
compound is also not widely distributed even among Staphylococci (Landeta et al., 2007;  
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Bermúdez et al., 2012; Stavropoulou et al., 2015). Nevertheless, some Enterococci, as well as 
lactic acid bacteria isolated from food products, have been shown to synthesise this compound 
via decarboxylation of L-phenylalanine by tyrosine decarboxylase (Latorre-Moratalla et al., 
2010; Marcobal et al., 2011; Pleva et al., 2012; Bargossi et al., 2015). It was thus speculated 
that 2-phenylethylamine is synthesised by S. schleiferi by the same mechanism or via an as 
yet undescribed specific L-phenylalanine decarboxylase.  
The in vitro results did not show increased accumulation of scheiferons within time (although 
the substrates were still in the reaction tube). And the formation of schleiferons in absence of 
the crude extract (lysis buffer or boiled crude extract) in the reaction tube was also observed 
(figure 9), suggesting then a non-enzymatic reaction but rather, a spontaneous condensation of 
the two substrates. However, since schleiferon A is produced in very high amounts by S. 
schleiferi, it is possible that in vivo, this reaction is accelerated by metal ions, different 
temperature as well as pH. 
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Figure 9: In vitro biosynthesis of schleiferon A and B.  
The substrates (phenylethylamine and acetoin) were added to the bacterial crude extract and incubated for 5 to 
180 min (A) or 1 to 240 min (B) at 37 °C. At indicated time points the reaction in each tube was stopped and 
schleiferon A and B were measured by GC/MS. The quantification was done by co-injection of the internal 
standard (nonyl acetate). In the control reaction, the crude extract was replaced by lysis buffer (A) or was boiled 
for 5 min at 95 °C (B). Data are the means of 3-5 independent experiments and bars indicate mean standard 
deviation. 
- 27 - 
 
Summary 
 
1.6. Summary  
 
It is now well known that microorganisms are able to interact with the environment and with 
organisms of their habitat by producing volatile compounds. They are a very important group 
of compounds in mediating interactions because they are able to act not only at the site of the 
production but, also at long distance due to their low molecular weight, high vapour pressure 
and low boiling point. Although the number of studies regarding microbial volatiles and the 
interest of researchers in the field increase considerably over the years, all the information 
available on microbial volatile compounds and their producers were still scattered in the 
literature. Therefore, we developed mVOC database, which is a user-friendly compilation of 
existing data on volatile emission from bacteria and fungi, extracted from the literature and 
available online at http://bioinformatics.charite.de/mvoc/. It is the first online database 
containing information about mVOCs and their emitting organisms. It is then an indispensable 
platform to promote and facilitate crosstalk between scientists working in this fast-growing 
research field. It will also facilitate the study of microbial volatiles and help to better 
understand the biological and ecological roles as well as the applications of microbial 
volatiles. By data mining, mVOC database highlights for example the diversity and specificity 
of microbial volatile compounds. It was shown that bacteria might be capable of synthesizing 
structurally more diverse volatiles than fungi. Alcohols, ketones and carboxylic acids are the 
most frequently emitted chemical classes with 2-phenylethanol, 3-methylbutan-1-ol, dimethyl 
disulfide and dimethyl trisulfide being significantly more often released by bacteria and 1-
octen-3-ol the most frequently emitted fungal volatile. It was also shown that the most listed 
species in the database were isolated from plants, aquatic environments and soil. However, 
meta-analysis approaches revealed that habitat specificity has little or almost no influence on 
VOC spectra of microorganisms, confirming the fact that it is not the location of isolation, but 
rather the nutritional supply and metabolic capabilities of the microorganism that are relevant 
for it volatile profiles. Data mining also revealed that microorganisms belonging to the 
rhizosphere might preferentially produce volatile signals, including many of the volatiles 
known to be emitted by plant roots and that these volatile signals might then specifically 
modulate the growth and fitness of neighbouring plants. However, among the considerable 
number of compounds produced by bacteria and fungi described in mVOC database (1200), 
the biological and/or ecological roles of only ca. 7 % of single volatile has been described so 
far. They mainly influence insect behaviours as well as plant or microbial growth.   
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The described functions clearly indicated that one volatile can be produced by numerous 
microorganisms to a different end while some mVOCs can be produced for the same 
functions. However, in an ecological relevant situation, mVOCs are produced in a complex 
volatile-base interaction networks and understanding their functions and specificity need to 
consider the context in which they are produced.  
The diverse functions and properties of mVOCs can be exploited in various biotechnological 
applications in several areas of industrial, agricultural or medical fields. The studies of 
microbial volatiles also represent an essential route in bioprospecting, with the promise of 
discovering novel structures of natural products for novel applications.  
Indeed, when analysing volatiles of skin bacteria, two new natural compounds were found and 
they are promising candidates for further investigations to determine their relevance in 
antibiotic and anti-virulence therapies. Since the skin is the part of the body, which serves as 
barrier and protect us again microbial invasion from the external environment, we were 
interested on the role of mVOCs in skin microbial interactions and defences. We analysed the 
volatile profile of bacteria belonging to the dominant families of microorganisms naturally 
found on the skin (Corynebacteriaceae and Staphylococcaceae). The two families of bacteria 
were completely separated according to their volatile profile and this could be explained by 
their metabolism which is different although they were analysed under the same conditions. 
Among the Staphylococci, S. schleiferi isolates showed an interesting volatile profile with 
more than 30 compounds, which were mainly ketones. Among this volatile bouquet, new 
natural compounds named schleiferons A and B (3-(phenylamino)butan-2-one and (E)-3-
(phenylimino)butan-2-one, respectively) were identified and structurally elucidated. 
Schleiferons A and B inhibited in a concentration dependant manner the growth of Gram-
positive bacteria as well as the quorum-depending phenotypes of Gram-negative bacteria. The 
inhibition of the phenotypes in Gram-negative bacteria was due to reduction of the 
biosynthetic gene expression and regulation may act at the downstream end of the quorum 
sensing phosphorylation cascade. These results highlight the role of mVOCs in skin bacteria-
bacteria interactions, suggesting their implication in skin microbiota modulation, which might 
ultimately, affects health and diseases conditions.   
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2. Results 
 
The presented original data have been published in four publications in English. 
 
2.1. Lemfack, M.C., Nickel, J., Dunkel, M., Preissner, R., Piechulla, B. (2014) mVOC: a 
database of microbial volatiles. Nucleic Acids Res. 42, 744-748. 
 
2.2. Schenkel, D., Lemfack, M.C., Piechulla, B., Splivallo, R. (2015) A meta-analysis 
approach for assessing the diversity and specificity of belowground root and microbial 
volatiles. Front. Plant Sci. 6, 707. 
 
2.3. Piechulla, B., Lemfack, M.C. (2016) Microbial volatiles and their biotechnological 
applications. In: Arimura, G., Maffei, M (eds), Plant Specialized Metabolism: Genomics, 
biochemistry and biological function. CRC Press 10, 239 - 256. 
 
2.4. Lemfack, M.C., Ravella, S.R., Lorenz, N., Kai, M., Jung, K., Schulz, S., Piechulla, B. 
(2016) Novel volatiles of the skin-borne bacteria inhibit the growth of Gram-positive bacteria 
and affect quorum-sensing controlled phenotypes of Gram-negative bacteria. Syst. Appl. 
Microbiol. 39, 503-515.  
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Supporting information 
Table S1: VOC profiles of skin bacteria analyzed by GC/MS.  
Compounds Staphylococcaceae Corynebacteriaceae 
No. Names RI A B C D E F G H I J K L M N O P Q R S T U V 
1 Acetoin 708 x  x       x    x x x       
2 1,2-Propanediol  772          x  x   x        
3 2,3-Butanediol  782               x x       
4 3-Methylbutanoic acid 812 x x x x x x x x x x x x x x x x x x     
5 2-Methylbutanoic acid 819 x x x x x x x x x x x x x x x x x x     
6 NI 927         x x x x  x x x       
7 4-Methylhexanoic acid  1011          x             
8 NI 1046 x                      
9 2-Nonanone 1064                 x x x x x x 
10 2-Phenylethylamine 1084 x x                     
11 NI 1088 x x                     
12 2-Phenylethanol 1095 x  x x x x x x         x x x x x x 
14 NI 1128 x x    x    x             
15 7-Methyl-2-nonanone 1134 x        x x x x x  x x       
16 NI 1196          x             
17 NI 1223     x x x x x       x       
18 2-Phenylethyl acetate 1234                 x x     
19 NI 1258             x          
20 2-Undecanone 1260 x x x      x x x x  x x x x x x x x x 
21 NI 1319             x          
22 10-Methyl-2-undecanone 1322 x x x   x   x x x x   x x       
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Table S1: VOC profiles of skin bacteria analyzed by GC/MS (cont.).  
Compounds Staphylococcaceae Corynebacteriaceae 
No. Names RI A B C D E F G H I J K L M N O P Q R S T U V 
23 NI 1327             x          
24 9-Methyl-2-undecanone 1329 x x x   x   x x x x  x x x       
25 NI 1355             x  x        
26 Methyl ester 1357               x        
27 NI 1416             x x         
28 NI 1419 x x                     
29 6-Tridodecanone 1434                 x x     
30 NI 1452             x x         
31 (E)-3-(Phenylethylimino)butan-2-one 1456 x x x                    
34 NI 1469 x x x                    
35 3-(Phenylethylamino)butan-2-one 1486 x x x                    
36 NI 1514             
x 
         
37 11-Methyl-2-tridecanone 1518 x x x x x x x  
x x x x 
 
x x x 
      
38 NI 1525             
x 
         
39 10-Methyl-2-tridecanone 1527 x x x x x x x  
x 
 
x x x x x x 
      
40 NI 1540 x x                     
41 NI 1548         
x 
     
x 
       
42 Methyl ester 1555         
x 
     
x 
       
43 3-(Phenylethylamino)pentan-2-one 1556 x x                     
44 4-(Phenylethylamino)pentan-3-one 1574 x x                     
45 NI 1618 x x                     
46 8-Pentadecanone 1630                 
x x x x x x 
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Table S1: VOC profiles of skin bacteria analyzed by GC/MS (cont.).  
 
NI: not identified. A= Staphylococcus schleiferi DSMZ 4807; B= S. schleiferi V431; C= S. schleiferi H34; D= S.sciuri ATCC 29061; E = S. sciuri H4286; F= S. 
sciuri OR; G= S. sciuri V405; H= S. sciuri Y; I= S. epidermidis RP62A; J= S. epidermidis DSM 3269; K= S. epidermidis ATCC 14990; L= S. epidermidis 
ATCC 12228; M= S. intermedius 9S; N= S. haemolyticus CCM 2729; O= S. saccharolyticus B5709; P= S. warneri CCM 2730; Q= Corynebacterium striatum
Compounds Staphylococcaceae Corynebacteriaceae 
No. Names RI A B C D E F G H I J K L M N O P Q R S T U V 
47 2-Pentadecanone 1653 x x x x   
x x x x x x x x x x x x x x x x 
49 Farnesol 1674 x x x       
x x x x x 
 
x 
      
50 NI 1707    
x 
        
x 
         
51 14-Methyl-2-pentadecanone 1713 x x x      
x x x x 
 
x x x 
      
52 NI 1716    
x 
 
x x x 
    
x 
         
53 13-Methyl-2-pentadecanone 1722 x x x      
x x x x 
 
x x x 
      
54 NI 1752 x x x                    
55 NI 1773 x                      
56 NI 1841 x         
x 
 
x 
          
57 Heptadecen-2-one* 1857                   
x x x x 
58 NI 1861    
x x x x x 
    
x 
         
59 2-Heptadecanone 1868                   
x x x x 
60 NI 1869 x x x      
x x x x x x x x 
      
61 16-Methyl-2-heptadecanone 1915 x x       
x x x x 
          
62 NI 1916    
x x x x x 
  
x x 
  
x x 
      
63 15-Methyl-2-heptadecanone 1917 x   
x 
 
x x x x x x x 
  
x x 
      
64 NI 1965 x x                     
65 NI 2029 x x                     
66 2-Tridodecanone 1460                   
x x 
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ATCC 12228; M= S. intermedius 9S; N= S. haemolyticus CCM 2729; O= S. saccharolyticus B5709; P= S. warneri CCM 2730; Q= Corynebacterium striatum 
V6894; R= C. striatum RV2; S= C. minutissimum ATCC 23348; T= C. accolens V12028; U= C. jeikeium V12131; V= C. jeikeium V12209. *Position of double 
bond unknown. S. schleiferi isolates were grown on BHI medium for 120 h at 30 °C. Volatiles in the headspace of S. schleiferi cultures were analyzed at 24 h 
intervals by GC/MS. Compounds were numbered as shown in the chromatograms (Fig. S1 (IIX-XXIV)) and were identified by comparing their retention index 
(RI) and mass spectra with the NIST 107 mass spectral library (version 1998), NIST Chemistry WebBook [44], and with authentic standards.
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Table S2: Volatiles of three Staphylococcus schleiferi isolates.  
 
S. schleiferi isolates were grown in BHI medium for 120 h at 30 °C. Volatiles in the 
headspace of S. schleiferi cultures were analyzed at 24 h intervals by GC/MS. Compounds 
Compound  S. schleiferi isolates 
Number Compound name RI DSMZ 
4807 
V431 H34 
1 Acetoin 708 *  * 
4 3-Methylbutanoic acid 812 * * * 
5 2-Methylbutanoic acid 819 * * * 
8 NI 1046 *   
10 2-Phenylethylamine 1084 * *  
11 NI 1088 * *  
12 2-Phenylethanol 1095 *  * 
14 NI 1128 * *  
15 7-Methyl-2-nonanone 1134 *   
20 2-Undecanone 1260 * * * 
22 10-Methyl-2-undecanone 1322 * * * 
24 9-Methyl-2-undecanone 1329 * * * 
28 NI 1419 * *  
31 (E)-3-(Phenylethylimino)butan-2-one 1456 * * * 
34 NI 1469 * * * 
35 3-(Phenylethylamino)butan-2-one 1486 * * * 
37 11-Methyl-2-tridecanone 1518 * * * 
39 10-Methyl-2-tridecanone 1527 * * * 
40 NI 1540 * *  
43 3-(Phenylethylamino)pentan-2-one 1556 * *  
44 4-(Phenylethylamino)pentan-3-one 1574 * *  
45 NI 1618 * *  
47 2-Pentadecanone 1653 * * * 
49 Farnesol 1674 * * * 
51 14-Methyl-2-pentadecanone 1713 * * * 
53 13-Methyl-2-pentadecanone 1722 * * * 
54 NI 1752 * * * 
55 NI 1773 *   
56 NI 1841 *   
60 NI 1869 * * * 
61 16-Methyl-2-heptadecanone 1915 * *  
63 15-Methyl-2-heptadecanone 1947 *   
64 NI 1965 * *  
65 NI 2029 * *  
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were numbered as shown in the chromatograms (Fig. S1 (IIX-XXIV)) and were identified by 
comparing their retention index (RI) and mass spectra with the NIST 107 mass spectral 
library (version 1998), NIST Chemistry WebBook [44], and with authentic standards. NI: not 
identified. 
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Table S3: Bacterial strains used in this study (cont.). 
 
Genus Species Isolate Origin# Isolation site 
Corynebacterium jeikeium V12209 University of Rostock Clinical isolate 
Corynebacterium jeikeium V12131 University of Rostock Clinical isolate 
Corynebacterium striatum RV2 University of Rostock Clinical isolate 
Corynebacterium striatum V6893 University of Rostock Clinical isolate 
Corynebacterium accolens V12028 University of Rostock Clinical isolate 
Corynebacterium minutissimum ATCC 23348 ATCC Trunk of adult 
female 
Staphylococcus saccharolyticus B5709 University of Rostock Clinical isolate 
Staphylococcus schleiferi DSMZ 4807 DSMZ Catheter 
Staphylococcus schleiferi H34 University of Rostock Clinical isolate 
Staphylococcus schleiferi V431 University of Rostock Clinical isolate 
Staphylococcus intermedius 9S University of Rostock Clinical isolate 
Staphylococcus sciuri V405 University of Rostock Clinical isolate 
Staphylococcus sciuri H4286 University of Rostock Clinical isolate 
Staphylococcus sciuri OR University of Rostock Clinical isolate 
Staphylococcus sciuri H4286 University of Rostock Clinical isolate 
Staphylococcus sciuri ATCC 29061 ATCC Southern 
flying squirrel 
skin 
Staphylococcus warneri CCM 2730 CCM Human skin 
Staphylococcus epidermidis RP62A ATCC Catheter 
Staphylococcus epidermidis DSM 3269 DSMZ Catheter 
Staphylococcus epidermidis ATCC 14990 ATCC Nose 
Staphylococcus epidermidis ATCC 12228 ATCC ─ 
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Table S3: Bacterial strains used in this study (cont.). 
Staphylococcus haemolyticus CCM 2729 CCM Human skin 
Micrococcus luteus V515 University of Rostock Clinical isolate 
Enterococcus faecium ATCC 51559 ATCC Clinical isolate 
     
     
Enterococcus faecalis ATCC 51299 ATCC Peritoneal 
fluid 
Pseudomonas fluorescens V12141 University of Rostock Clinical isolate 
Serratia marcescens V11649 University of Rostock Clinical isolate 
Salmonella enterica RV4 University of Rostock Clinical isolate 
Escherichia coli DH5α Laboratory strain ─ 
Vibrio harveyi DSMZ 6904 DSMZ Seawater 
Vibrio harveyi BB120 ATCC BAA-
1116* 
ATCC Marine 
(ocean) 
Vibrio harveyi 
BB120ΔluxO 
ATCC BAA-
1116* 
 [46] 
Serratia plymuthica AS9 Swedish University of 
Agricultural Sciences 
Field sample, 
rapeseed roots 
Bacillus subtilis B2g SCAM, University of 
Rostock 
Rhizosphere 
of oilseed rape 
 
#University of Rostock: Medical Faculty, Institute of Medical Microbiology, Virology and 
Hygiene; ATCC: American Type Culture Collection; DSMZ: German Collection of 
Microorganisms and Cell Cultures; CCM: Czech Collection of Microorganisms; SCAM: 
Strain Collection of Antagonistic Microorganisms, Microbiology. *recently reclassified as V. 
campbellii ATCC BAA-1116. 
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Table S4: Primers used in this study.  
Gene Name Direction Tm (°C) Sequence (5'            3') Use of primer 
SerAS9_1741 
Sense 60 TGCGTCTCTTGATTTCTCTC RT-PCR 
Northern blot Antisense 60 TACTTTGCCAACTGCGCCTG 
SerAS9_1744 
Sense 60 GAGTGCGGAGCAACTTCATC 
RT-PCR 
Northern blot Antisense 60 
GACCAGGCACGGCATCATAA
C 
SerAS9_1745 
Sense 60 ATAGGCTACCCACTGACAGG 
RT-PCR 
Antisense 60 TGGATGCTGACGACCATGAC 
SerAS9_1747 
Sense 60 CTGATACACCACATCGCCAC RT-PCR 
Northern blot Antisense 60 ATACCTCACCTCCCAGCACC 
SerAS9_1749 
Sense 60 TCTTCAGCAATTCAGGCACC RT-PCR 
Antisense 60 CTGTGCCATAGGCTTTCTGC RT 
Antisense 60 CAAATATCGGCCCGGCACAG PCR 
 
 
SerAS9_175
0 
 
 
Sense 60 AAAGCCCATCTTGCCGTCAG 
RT-PCR 
Northern blot 
Antisense 60 GAATGCGTTCCTGGTAGGTG 
RT 
Northern blot 
Antisense 60 GTGTTAATCACCGACAGACC PCR 
SerAS9_1751 
Sense 60 CGACAACCTGCACTGAAAGC 
RT-PCR 
Northern blot 
Antisense 60 ATATAGGCGCGGAACTGCTC 
RT 
Northern blot 
Antisense 60 CGGAATGCTCGAAATCGAC PCR 
SerAS9_1752 
Sense 60 TCTGCAACCACCGCGTAAAC RT-PCR 
Northern blot Antisense 60 TACACCAGGAATACGGCTCG 
SerAS9_1753 
Sense 60 GCCGGTTCCGATATTTATGC RT-PCR 
Antisense 60 TAGAGCATTAGCCGACACTG RT 
Antisense 60 GTTCCAGACGCAGTTTCATC PCR 
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Table S4: Primers used in this study (cont.). 
 
SerAS9_0621 
Sense 60 ATGGACATCAATCTGCCAGG 
RT-PCR 
Antisense 60 CGATGATTTCCGGCGTATCC 
SerAS9_4328 
Sense 60 GCATCCTTCTCTAACCGCAC RT-PCR 
Northern blot Antisense 60 ATCGCACGTTATCCTCCATG 
SerAS9_1501 
Sense 60 CATGTTGTGCCTGCTGATGG RT-PCR 
Northern blot Antisense 60 TCCAGTCGCGCTCGATAAAG 
SerAS9_0772 
Sense 60 CCACTGCTGGATAGCTTCAC RT-PCR 
Northern blot Antisense 60 CCAGCTCTTCGTTGTGGTTC 
SerAS9_0078 Sense 60 CGCTTCGGGAGCATATCGAC 
RT-PCR 
Northern blot 
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Figure S1: Chromatograms of various species and isolates of Corynebacteriaceae and 
Staphylococcaceae.  
Bacteria were grown in BHI (brain heart infusion) medium at 30 °C. Headspace volatiles 
were collected at indicated time intervals and analyzed by GC/MS. Compounds are numbered  
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and summarized in Table S1. Chromatograms where most compounds of the total volatile 
profiles of each bacterium were present are depicted in I-II and IV-XXXVIII. 
 
 
 
 
Figure S2: Production of schleiferon A (A) and schleiferon B (B) by three 
Staphylococcus schleiferi isolates.  
The VOCs were collected at intervals of 24 h and analyzed by GC/MS. The total volume of 
the eluate was 310 µL (300 µL dichloromethane as solvent and 10 µL nonyl acetate (5 ng µL
-
1
 final concentrations in the eluate) as the internal standard). The quantities of schleiferons A  
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and B produced were calculated based on the internal standard. Data are means of 3-4 
independent experiments and bars indicate the mean standard deviation. The growth of the 
bacteria (100 mL bacterial culture) was monitored by determining the living cell numbers 
(CFU). 
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Figure S3: Effect of Staphylococcus schleiferi DSMZ 4807 volatiles and synthetic 
schleiferons A and B on different bacteria. 
 
(A, B, C): Co-cultivation of Staphylococcus schleiferi DSMZ 4807 with different Gram-
positive and Gram-negative bacteria. 
Each test bacterium was co-cultivated with S. schleiferi (fresh) in 96-well microtiter plates at 
30 °C. The growth of each Gram-positive (A) and Gram-negative (B) bacterium in dual 
culture with S. schleiferi was monitored by measuring cell density every 30 minutes at OD600 
with a microtiter plate reader for 72 h or 96 h. Control: instead of S. schleiferi the medium 
(BHI) was added. The growth of S. schleiferi (C) in co-cultivation with test bacteria was also 
determined. Control: the culture medium was added instead of the test bacteria. 
(D) Effect of synthetic schleiferons A and B on Staphylococcus epidermidis RP62A and 
Staphylococcus haemolyticus CCM 2729. 
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Bacteria were grown in BHI medium at 30 °C, in bipartite Petri dishes. A total of 4 mL of 
each bacterial culture (final OD 0.005) were transferred to one side of a bipartite Petri dish 
and 20 µL of various concentrations of schleiferon A or B solved in DMSO were added onto 
6 mm Whatman filter paper disks, which were placed on the other side of the Petri dish. The 
plates were incubated for 20 h and viable cells (CFU) were determined. Data are the means of 
three independent experiments and bars indicate the mean standard deviation. When error bars 
are not visible, they were smaller than the symbols. 
 
 
 
Figure S4A: Effects of Staphylococcus schleiferi and S. warneri volatiles on prodigiosin 
production by Serratia marcescens. 
The concentration of the pigment was determined by measuring its absorption at OD534 and is 
expressed as a percentage of the level produced in the BHI control culture. ** p < 0.01. 
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Figure S4B: Inhibition of prodigiosin production in Serratia by synthetic schleiferons A 
and B. 
Bacteria were incubated with 20 µL increasing concentrations of schleiferon A or B. Bacterial 
growth was monitored by determining CFU, prodigiosin levels were determined by OD534 and  
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relative prodigiosin production was calculated as the ratio between prodigiosin and the CFU. 
Controls: bacteria were incubated with DMSO and their prodigiosin levels were set as 100% 
(=0.8 OD534). Data are means of at least three independent experiments and bars indicate the 
mean standard deviation. 
 
 
 
Figure S5: Inhibition of prodigiosin production in Serratia marcescens and Serratia 
plymuthica and bioluminescence of Vibrio harveyi by synthetic schleiferon A and B.  
The bacteria were incubated with increasing concentrations of schleiferon A or B (final 
concentrations are shown). (A) The upper panel shows a S. marcescens V11649 culture after 
20 h incubation at 30 °C, while the lower panel shows prodigiosin extracted from the bacterial  
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cells with acidified ethanol. Relative prodigiosin production (%) of S. marcescens V11649 
(prodigiosin value of 100% = 2) (B), as well as S. plymuthica AS9 (100% = 0.98) (C), were 
calculated as the ratio between the prodigiosin content and living cell numbers (CFU mL
-1
). 
Controls: the bacteria were incubated with DMSO and prodigiosin levels were set as 100%. 
(D) Spot tests showing relative levels of bioluminescence of V. harveyi DSMZ 6904 after 20 
h incubation at 30 °C. Data are means of at least three independent experiments and bars 
indicate the mean standard deviation. 
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Figure S6: Effect of schleiferons A and B on CqsS (A), LuxPQ (B) and LuxN (C) 
mediated autophosphorylation and phosphotransfer to the HPr protein LuxU in vitro. 
Inverted membrane vesicles containing the hybrid histidine kinases CqsS, LuxQ, and LuxN, 
respectively, were mixed with LuxU, and the reaction was started with [γ-32P] Mg2+ATP. 
When indicated, schleiferon A or B (340.5 µg mL
-1
 final concentration) or the corresponding 
volume of DMSO was added. For the LuxQ assay, LuxP had been incorporated into the 
vesicles. At the indicated times (5 and 10 min) the phosphorylation reaction was stopped, and 
proteins were separated by SDS-polyacrylamide gel electrophoresis followed by exposure of  
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the gels to a phosphoscreen. Autoradiographs of the LuxU parts of the gels are shown, and 
they are representative of three independent experiments.   
 
 
 
Figure S7: Inhibition of bioluminescence production of V. harveyi BB120 (wild type) and 
ΔluxO (constitutive QS-ON mutant) by schleiferons A (A) and B (B).  
Cells from an overnight culture were inoculated in fresh AB-medium and grown aerobically 
at 30 °C in microtiter plates using a Tecan Infinite® F500 system. Bioluminescence and 
growth (OD600) were recorded every 20 min. Schleiferons A (A) or B (B) were added to the 
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exponential growth phase at a final concentration of 340 µg mL
-1
 (indicated by the arrow). 
The corresponding volume of DMSO was added to the cells as a negative control. Error bars 
represent the standard deviation calculated from three independent replicates. RLU, relative 
light units in counts per second per milliliter per OD600. 
 
 
 
 
Figure S8: VOC collection system. 
Charcoal-purified and sterile air entered the conical flask containing the bacterial culture. A 
trap filled with Porapak
TM
 was connected to the outlet of the pump, which sucked the air and 
volatiles in the headspace of the bacterial culture into the trap. 
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Figure S9: Dual culture system.  
Charcoal-purified and sterile air was pumped through the inlet of flask A. The air enriched 
with the headspace volatiles of the bacterial cultures S. schleiferi or S. warneri (grown for 48 
h or 96 h) entered the second flask B containing the bacterial cultures of S. marcescens or V. 
harveyi. 
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4. Appendix 
 
4.1. Additional results obtained which were so far not included in any publication 
 
Volatile profile of skin bacteria 
 
Table 1A: Volatiles of Pseudomonas fluorescens and Micrococcus luteus. 
 
The bacteria were grown on BHI medium for 96 h at 30 ° C. Volatiles of the headspace of 
bacterial cultures were analysed in 24 h intervals by GC-MS. Compounds were numbered as 
shown in the chromatograms (figure 1A and 2A) were identified by comparing their retention 
index and mass spectra with the NIST 107 mass spectral library (version 1998), NIST 
Chemistry WebBook and with authentic standards. NI: not identified. 
 
 
 
Compound  Bacteria 
numbers Compound names RI Pseudomonas 
fluorescens 
Micrococcus 
luteus 
1 1-undecene 1064 *  
2 NI 1283 *  
3 NI 1370 *  
4 NI 944  * 
5 NI 1108  * 
6 NI 1128  * 
7 NI 1134  * 
8 NI 1225  * 
9 NI 1323  * 
10 NI 1330  * 
11 NI 1338  * 
12 NI 1421  * 
13 11-methyl-2-tridecanone 1520  * 
14 10-methyl-2-tridecanone 1528  * 
15 NI 1535  * 
16 NI 1619  * 
17 2-pentadecanone 1653  * 
18 NI 1725  * 
19 NI 1843  * 
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Figure 1A: Chromatograms of Pseudomonas fluorescens V1411.  
Bacteria were grown on BHI (brain heart infusion) medium at 30° C. Headspace volatiles 
were collected at different time intervals (each 24 h) and analysed by GC-MS. Compounds 
were numbered and summarized in Table 1A. 
 
 
 
 
 
 
 
 
- 135 - 
 
Appendix 
 
 
 
 
Figure 2A: Chromatograms of Micrococcus luteus V515. 
Bacteria were grown on BHI (brain heart infusion) medium at 30° C. Headspace volatiles 
were collected at different time intervals (each 24 h) and analysed by GC-MS. Compounds 
were numbered and summarized in Table 1A. 
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